Plant disease resistance is largely governed by complex genetic architecture. In maize, few 26 disease resistance loci have been characterized. Near-isogenic lines (NILs) are a powerful 27 genetic tool to dissect quantitative trait loci (QTL). We analyzed an introgression library of 28 maize near-isogenic lines (NILs), termed a nested NIL (nNIL) library for resistance to northern 29 leaf blight (NLB) caused by the fungal pathogen Setosphaeria turcica. The nNIL library was 30 comprised of 412 BC5F4 NILs that originated from 18 diverse donor parents and a common 31 recurrent parent, B73. Single nucleotide polymorphisms identified through genotyping by 32 sequencing (GBS) were used to define introgressions and for association analysis. NILs that 33 conferred resistance and susceptibility to NLB were comprised of introgressions that overlapped 34 known NLB QTL. Genome-wide association analysis and stepwise regression further resolved 35 five QTL regions, and implicated several candidate genes, including Liguleless1 (Lg1), a key 36 determinant of leaf architecture in cereals. Two independently-derived mutant alleles of lg1 37 inoculated with S. turcica showed enhanced susceptibility to NLB. In the maize nested 38 association mapping population, leaf angle was positively correlated with NLB in five 39 recombinant inbred line (RIL) populations, and negatively correlated with NLB in four RIL 40 populations. This study demonstrates the power of a nNIL library combined with high density 41 SNP coverage to resolve QTLs. Furthermore, the role of lg1 in leaf architecture and in resistance 42 to NLB has important applications in crop improvement.
Introduction
Between the regions of approximately 289.85 Mb and 293.15 Mb of chromosome 1, SNP 133 variants appeared to produce two main haplotypes across the set of NILs. A second region with 134 SNP variants across the entire NIL set was identified on chromosome 5, between approximately 135 208. 16 and 211.54 Mb; this region also showed two main haplotypes. These sequence artifacts 136 were not included in the defined introgressions. 137 Phenotypic traits in the nNIL library: 138 Phenotypic analysis of the nested NIL library, consisting of 453 NILs, was conducted in 2011-13 139 for days to anthesis (DTA) and three times post-flowering for diseased leaf area (DLA). The 140 average (and range) of DLA for 2011, 2012 and 2013 was 27% (6.3-50%), 26% (5.3-52%) and 141 26% (6.0-54%), respectively, with B73 averaging 30% (2011), 25% (2012), and 21% (2013) . 142 Area under the disease progress curve (AUDPC) and DTA across years appeared to be normally 143 distributed Fig. S1 ). Genotype and genotype-by-environment effects were significant for 144 AUPDC, while replication and environment effects were not. The estimated heritability on an 145 entry means basis was 0.74 for AUDPC and 0.36 for DTA. The average (and range) of DTA 146 across the three years was 68.4 days (61.0-80.0 days), 76.8 days (68.5-84.5 days) and 88.0 days 147 (81.0-103.0 days) respectively, with the average DTA of B73 being 68.4 days (2011), 76.8 days 148 (2012) and 86.3 days (2013) . The genotype effect was significant for DTA while the 149 environment, replication and the genotype by environment interaction were not. In the nNIL 150 library, there was a low but significant negative correlation between AUDPC and DTA (R 2 =-151 0.025; p=0.0009; Fig. S1 ). In contrast, there was a highly significant negative correlation 152 between AUDPC and DTA in the 282 maize diversity panel (R 2 = -0.39; p<0.0001; Fig. S4 ), 153 which may largely be due to population structure. All but the tropical subpopulations showed a 154 significant negative correlation between DTA and AUDPC. In general, there was less variability 155 in NLB and DTA in the tropical subpopulation, which as a group was more resistant to NLB, but 156 also had greater DTA in comparison to other subpopulations.
Thirty-four NILs had significantly higher DTA relative to B73, and three NILs had significantly 172 lower DTA relative to B73 based on a Dunnett's test. Five of the 34 NILs also had significantly 173 different to DTA relative to B73 (Table S2 ). Three of the NILs with an effect on DTA had been 174 identified as more susceptible to NLB (compared to B73). These included a NIL with an 175 introgression on the end of chromosome 1; a NIL with a large introgression on chromosome 8 176 that overlaps with flowering time locus Vegetative to generative transition1 (Vgt1; (Salvi et al., 177 2007; Ducroq et al., 2008) and two other introgressions; and an NLB-susceptible NIL with an 178 introgression at 12-36 Mb on chromosome 1, and second small introgression (<2 Mb) on 179 chromosome 7. Two NILs with significantly different DTA were more resistant to NLB. The
180
NIL with the largest days to anthesis harbored an introgression that spans a large area on 181 chromosome 8 where both major flowering time (Vgt1) and NLB resistance genes 182 Helminthosporium turcicum resistance2 (Ht2) and Helminthosporium turcicum resistanceN1 183 (HtN) reside (Chung et al., 2010; Hurni et al., 2015) . The other NLB-resistant, high-DTA NIL 184 had a small introgression on chromosome 1, and large introgressions on chromosomes 7 and 8 185 (Tables S1 and S2).
186
The introgression tiling path revealed several trends ( Fig. 1 ). Introgressions from any single 187 parent were distributed across the genome (Suppl Fig. 3 ), making breakpoint analysis from 188 individual donors an unsuitable means to resolve QTLs. As expected based on patterns of 189 recombination (Rogers-Melnick et al., 2015) , smaller introgressions were identified on the ends 190 of the chromosomes (Fig. 1 ). Introgressions spanning centromeres tended to be large, and two 191 regions of the genome were associated with particularly large, resistance-associated 192 introgressions. Introgressions spanning the centromeric region of chromosome 1 (~80 to 200 193 Mb) were frequently associated with resistance to NLB, perhaps reflecting the known NLB QTL 194 in bin 1.06 (Wisser et al., 2006; Chung et al., 2011; Jamann et al., 2014) . Introgressions on 195 chromosome 8 also tended to be large and associated with resistance, likely reflecting the major 196 genes and QTLs that have been identified in that region (Chung et al., 2010; Wisser et al., 2006; 197 Hurni et al., 2015) . In contrast, introgressions on chromosome 5 were often associated with 198 increased susceptibility to NLB compared with B73, which has a known NLB resistance QTL in 199 bin 5.05 (Poland et al., 2011; Li et al., 2018 , Wisser et al., 2006 . Although the B73-derived 200 resistance in bin 5.05 was displaced by introgressions that increased susceptibility in seven NILs,
Stepwise regression further identified regions associated with disease phenotypes. Five 211 significant SNPs were detected, accounting for variation in each peak that was identified based 212 on GWAS as well as an additional SNP on chromosome 2 (Table 1) . The large region spanning 213 the centromere of chromosome 1 (80-200 Mb) had a large region with significant association, 214 reflecting the lack of recombination and the consequently large introgressions found in NILs 215 covering this region. The most significant SNP identified by GWAS was in a low confidence 216 gene at 1:183,611,752, while the second most significant GWAS association and the most 217 significant SNP identified through stepwise regression at 1:191,522,802, in a gene annotated as a 218 Ca+ transporter. Using GWAS and stepwise regression, the most significant SNP at the QTL on 219 Chromosome 8 was in a gene identified as a protein phosphatase, located at 8:138,561,937. The 220 significant SNP identified through GWAS and stepwise regression on chromosome 6 was 221 located in a gene annotated as encoding an ENTH/VHS/GAT family protein (Table 1) .
222
B73 was the source of the more resistant allele for two of the NLB QTL regions. Two significant 223 SNPs around the qNLB5.05NAM region were identified via GWAS, one of which was located in a 224 gene (GRMZM2G005996) annotated as a mechanosensitive channel of small conductase.
225
Additionally, this SNP (5:193, 652, 476) was identified at the same locus via stepwise regression 226 (Table 1) Fig. S5) ). This association did not account for population structure or kinship. At the sub-253 population level, significant negative correlations between leaf angle and AUDPC were observed 254 in the non-stiff stalk (NSS) and mixed subpopulations (p < 0.0001; R 2 = 0.285 and p = 0.0006; R 2 255 = 0.106 respectively; Fig. S6 ). In these sub-populations, the higher leaf angle (more erect The genetic architecture of many maize traits have been studied in the NAM population, the International Maize and Wheat Improvement Center (CIMMYT). We describe a subset of a 281 larger population of NILs that was derived from 18 donor parents (consisting of the founder lines 282 in the NAM population) and backcrossed to B73. The potential for association mapping in a 283 nNIL population is based on the diverse parentage of the nNILs and the high-density SNP 284 coverage, as obtained in this study. The library can be used for QTL mapping, and individual 285 NILs can be selected for use in fine-mapping of specific loci of interest, to allow testing of candidate genes. The heterozygous introgressions identified in these lines can be exploited for 287 heterozygous inbred family analysis (Tuinstra et al., 1997) .
288
Recombination rates vary across the genome, with increased recombination near the telomeric 289 regions and decreased recombination near the centromeres (Rodgers-Melnick et al., 2015) . 290 Consequently, the introgression sizes identified in this study varied widely and as generally 291 predicted. QTL resolution was poor in regions around centromeres, as expected. Keurentjes et al.
292
(2007) compared QTL resolution in Arabidopsis, and found that, given similar population 293 resources, RILs provided greater QTL resolution than individual NILs at defining QTL intervals.
294
In this study, we utilized approximately 9% of the number of NILs compared to RILs utilized in although the range of the introgression sizes was much larger in the nNIL library than compared 298 to that identified through the joint linkage mapping of NLB QTL in the NAM population. The 299 median size of a NAM NLB QTL (9.5 Mb) was, however, much more similar to that of the 300 median NIL introgression size (9.3 Mb).
301
Across the NILs, the range in introgression size varied, with the smallest introgression in the NIL 302 library (59.2 Kb) being smaller than the smallest NAM NLB QTL (855 Kb), and the largest 303 introgression size (188 Mb) being considerably larger than the largest NLB QTL (77.1 Mb).
304
Thus, while the NIL introgressions are generally larger than the average NAM NLB QTL, the 305 range of introgression size is wider. Because of the SNP saturation across the genome, we were 306 able to detect introgressions smaller than 5 Mb, which might not have been detectable with a and qNLB6.05 (Jamann, et al. 2014; Poland et al, 2011) . NILs with introgressions across the 325 centromeric region of chromosome 8 overlapped two QTL for resistance to NLB, including 326 qNLB8.06, which overlaps the Ht2 and Htn resistance loci (Chung et al., 2010; Hurni et al., 327 2015) . Further backcrossing, together with inoculation of different S. turcica races, will allow 328 development of a "differential series" for major and minor resistance loci for NLB in the B73 329 background. Inoculation of the lines carrying the 8.06 QTL may allow the specific loci to be 330 identified. Inoculation of other lines will allow the possible race-specificity of QTL to be 331 established. The introgressions in NILs that span qNLB1.06 and/or qNLB8.06 are large, 332 however, suggesting that lack of recombination will inhibit fine-mapping in those regions, as has 333 been previously observed in at qNILB1.06 (Jamann et al., 2014) .
334
B73 is considered moderately susceptible to NLB, and is known to carry alleles for NLB 335 resistance QTL (Poland et al., 2011) . In this study, we identified twice as many NILs that were 336 more susceptible to NLB than B73 (lines in which B73-derived resistance was lost with an 337 introgression), than NILs that were more resistant than B73. Additionally, resistance in two of 338 the five QTL regions identified in this study via GWAS and stepwise regression was derived 339 from B73, the recurrent parent of the nNILs: qNLB 2.01 and qNLB5.05. The design of the nNIL 340 library, like the NAM population, was favorable for identifying resistance derived from B73; the 341 nNIL library allowed systematic analysis of the recurrent parent genome for effects on disease, 342 while the donor genomes were only partially represented in the set of nNILs tested here.
343
A previous study in the 282 maize inbred diversity panel showed a negative genetic correlation 
354
The lower correlations between maturity and disease resistance in the RIL and NIL populations 355 indicates that some of the correlations seen across germplasm collections may be due to 356 population structure rather than to linkage and/or pleiotropy (Poland et al., 2010) . Despite the 357 overall trend, an opposite effect of days to anthesis on NLB was identified. A NIL harboring an 358 introgression that spanned the qNLB1.02 region had increased NLB resistance but reduced days 359 to anthesis relative to B73, confirming a previous report (Jamann et al., 2016) . Several NILs with 360 longer maturity harbored introgressions at the telomeric end of chromosome 1 that had not been 361 identified previously in NAM QTL mapping. These introgressions either were identified in our 362 study due to an increase in allele effect sensitivity in our population, or because these introgressions co-localized with flowering time effect, which may be been a reduced factor in the 364 NAM QTL mapping where DTA was used as a covariate.
365
Association analysis in the nNIL library utilizes ancient recombination for greater QTL 366 resolution: 367 To identify candidate loci or regions for resistance to NLB, we utilized the polymorphisms 368 among the introgression donors at a given locus using association analysis across the nNILs.
369
The uniform B73 genetic background diminished the confounding effect of population structure 370 and kinship. Only a small number of NILs had introgressions in any given genomic region, yet 371 significant effects were identified at 5 regions in the genome with known NLB QTL. Utilizing 372 high density SNP coverage in the ~400 NILs, we were able to narrow the interval of interest in a formation. The two mutants tested were significantly more susceptible to NLB than their wild 388 type counterparts, B73 and W22, with a decrease in incubation period of 1.5 and 1 days, 389 respectively.
390
The natural variant and mutant alleles of liguleless1 impact leaf angle and subsequent canopy 
405
The increases in yield of maize production achieved over the last 50 years has been derived 406 through increased planting population densities, and the indirect selection of corresponding 407 adaptive traits, such as leaf angle (Duvick, 2005) and stress tolerance (Tollenaar and Wu, 1999) .
408
In rice, an increase in methyl jasmonate was found to decrease leaf angle by inhibiting (Fehr, 1987) . Table 2 ). The QTL designations followed the notation described by 530 Chung et al. (2010) , which includes reference to the disease, bin and donor (e.g., qNLB2.01B73).
531
If a QTL had multiple founders that contributed resistance, it was designated qNLB2.01NAM. A 532 tiling path visualization was created using ggplot2 in R (R Studio), graphically representing the 533 introgressions for each NIL.
534
Association mapping in the nNIL library: 535 In order to refine candidate regions and/or genes for resistance to NLB, we endeavored to exploit 536 the sequence differences among the introgression donors, in a uniform B73 genetic background, 537 through association mapping. PROC GLM was utilized in Tassel, using the AUDPC BLUPs for 538 NLB in the nested NIL library. The AGPv2 SNPs were filtered using a minor allele frequency 539 (MAF) of 0.001 and minimum count of 20. Significance thresholds were determined using the 540 Bonferroni correction factor and false discovery rate (FDR). Stepwise regression in Tassel was 541 utilized to identify the SNPs contributing the most towards variation in NLB, using an entry limit 542 of 1 x 10 -6 and an exit limit of 2 x 10 -6 . Candidate genes and annotated function for the 543 identified SNPs were located using MaizeGDB (www.maizedgb.org; Portland et al., 2018) .
544
Effect of liguleless1 on NLB: 545 Two lg1 mutant alleles were tested for resistance to NLB: the lg1-R allele (Moreno et al., 1997) 546 in a B73 genetic background, and the lg1-mum allele derived from UFMu-1038042 in a W22 547 genetic background (Settles et al., 2007) . The lg1 mutant lines and corresponding B73 and W22 548 inbred lines were tested for resistance to NLB in two greenhouse trials, with four replications per 549 trial and 6 to 8 plants per genotype in each replication. Plants were inoculated with a liquid 550 spore suspension in the late afternoon as described above. Overhead sprinklers provided a mist 551 of water for 10 seconds every 10 minutes for approximately 12 to 15 hours. The NLB incubation period was scored as the number of days following inoculation when a necrotic lesion was (2015) . Bonferonni correction and FDR were used to determine significant SNP 567 associations (Bonferroni et al., 1936; Benjamini and Hochberg, 1995) . -Melnick E, et al. (2015) Recombination in diverse maize is stable, predictable, and The lg1-R and lg1-mum alleles were both significantly more susceptible to northern leaf blight (NLB), 788 measured as incubation period in the greenhouse (the number of days after inoculation that the NLB 789 lesion appeared). NLB lesions on the leaves of (d) B73 and lg1-R, and (e) W22 and lg1-mum. Significant to NLB, c) frequency distribution of NILs for days to anthesis, and d) genetic correlation of northern leaf 801 blight to days to anthesis. The AUDPC (b) and days to anthesis (c) in the recurrent parent, B73, is shown, 802
Rodgers
indicating that B73 values lie just below the mean of both traits. A small significant genetic correlation 803 (d) was detected between NLB AUDPC and days to anthesis in the nNIL library (c). derived NILs. Introgressions are labelled as mismatches, or vertical bars, where the SNP did not match 845 the recurrent parent, B73 (left) and where the SNP did or did not match the putative introgressed parent, 846 CML103 (right). Random bars across the genome implicate GBS sequencing miscalls or mutant SNPs. A 847 concentration of bars indicate a solid introgression region. While several NILs (listed vertically) have 848 corresponding matches between the B73 and CML103 SNP matching, others did not, implicating other 849 introgressed donor(s) for those NILs. 850 851 Supplemental Tables   852  853  Table S1 . NIL data on donor parent designation, introgression start and end points, type of introgression 854 (heterozygous, homozygous or both) and designation with regards to resistance or susceptibility to NLB 855 in comparison to the recurrent parent, B73. 856 857 Table S2 . Least square means for area under the disease progress curve (AUDPC) and days to anthesis 858
(DTA) in the nNIL library. NILs that were significantly different in AUDPC or DTA from B73 in a 859
Dunnett's test ( † †), a 95% confidence interval ( †), or not significantly different from B73 are noted. 860 861 Table S3 . Parent matching in nNIL library introgressions using SNPs from GBS sequencing to determine 862 the highest SNP match per introgression in comparison to SNPs from donor parent SNPs. 863 864 Table S4 . Verification of the donor parent in a NIL was resolved based on the original parent call, the 865 best introgression SNP match and the best genome SNP match. SNP-matching for donor parents was 866 made only within the 18 donor founder parents used in this study. 867
